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1 Introduction

The Higgs boson or its surrogate is necessary for the
standard model of electroweak interactions. There
is overwhelming evidence for the SU(2)x U(1) gauge
theory and thus there must be some phenomenon re-
sponsible for breaking that symmetry down to the
single gauge symmetry of electromagnetism. The
orthodox model with a single complex Higgs dou-
blet is at once elegant and ad hoc. All alternatives
require the introduction of more particles and more
parameters. Still, it is hard to be comfortable with a
particle that comes from nowhere and is stigmatized
as a fundamental scalar in a universe of fermions and
gauge particles.

Because the Higgs particle would fulfill the role of
symmetry-breaker and because the orthodox model
is so well-defined, the Higgs boson has become a
Holy Grail, engendering a crusade that has included
atomic physicists and nuclear physicists, as well as
particle physicists. To date, the Higgs boson has

"proved no less elusive than the Holy Grail itself.
Searches for discrepancies in muonic-atom energy

levels, in nuclear decays, in decays of the K and the
B and the T have all come back empty-handed (for
a review, see [1]). From these negative results one
can try to derive limits excluding the possibility of
Higgs bosons in certain mass regions. Despite the
well-defined nature of the Higgs bosons, ambiguities
enter when the model at the level of quarks and lep-
tons must be joined to the real world, which consists
instead of hadrons and leptons. These ambiguities
have made it difficult to draw absolutely firm con-
clusions [2], but increasingly thorough experiments
have now demonstrated that a conventional Higgs
boson with mass less than 3.6 GeV or even 5 GeV
is very unlikely.

It is very exciting that after many years of hard
work on the mass range up to 5 GeV, in the next
year a range perhaps ten times as great will open
up when LEP begins to operate. As we shall dis-
cuss below, this search is also less susceptible to the
hadronic ambiguities that plague the low energy ex-
periments. Beyond LEP there is LEP II, extending
our reach to perhaps 80 GeV or so. Even further

ahead lies Texas and possibly the LHC. A Higgs bo-__

son with a mass greater than twice that of the Z
and 700 GeV (or perhaps more) might be detected
at the SSC. Between the 80 GeV reach of LEP II
and 2Mw lies a problematic region, the so-called
“intermediate mass Higgs.”

This program could be terminated by the discov-
ery of the Higgs itself, or that of supersymmetry or
technicolor, but if that does not happen the search
for the Higgs may well dominate the experimental
program world-wide for the next dozen years or so.

2 B decay to Higgs

Willey and Yu (3] and independently, Grzagdkowski
and Krawczyk [4] calculated the process b — sH
directly diagrammatically and found
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with g2/41 = @em/ sin? 8. After some controversy
this was confirmed convincingly [5]. The result can
be compared with the calculated semileptonic decay
rate and the measured semileptonic branching ratio,
0.11. Combining these gives

~ me 4 2 2 2
BR(B — HX) ~ 0.042 (50 GeV) (1= m}y/m)
(2.2)

What shall we use for m;? There are arguments
based on the stability of the electroweak symmetry-
breaking vacuum(6,7] that suggest that a very light
Higgs is possible only if the mass of the ¢t quark is
about 80 GeV or greater. However, let us proceed
more conservatively and suppose only that m; = 60
GeV, near the limits indicated by the searches at the
SppS Collider and the Tevatron Collider. Then we
expect an inclusive branching ratio of B into Higgs
near 9%.
~ The experimental measurement is made by look-
ing just for the decay of the Higgs (inclusive) or by
reconstructing the entire decay (exclusive). In either
case, it is necessary to estimate some branching ra-
tios in order to compare the data to the predictions.
Consider first the inclusive search, for which we
need to estimate the branching ratios of the Higgs
boson into the various accessible final states. Gen-
erally the Higgs boson decays into the heaviest



fermions allowed. Thus above 3.6 GeV the dominant
final states will be charm and 7+7~. Between 1 GeV
and 3.6 GeV strange particle final states should pre-
dominate. However, because the mass of the strange
quark is only about 1.5 times as great as that of
the muon, the muon pairs should occur with a fre-
quency about 15% as great. The actual branching
ratio would be slightly less than this because of con-
tributions from the decay H — gluon + gluon.

Below 1 GeV the situation is more complex. On
the assumption that it is just fermion masses that
control the couplings, the mu-pair final state should
be much more common than the pion pair since
the u and d quark masses are just a few MeV.

However, Voloshin[8] showed that the decay of the
Higgs into two pions can be calculated using chiral
symmetry and by identifying the dominant mech-
anism as the coupling of the Higgs to two glu-
ons through a heavy quark loop. The result gives
INH — n*r~)/T(H — ptu~) = 2m}/81m2.
This result has been rederived and reanalyzed many
times [9,10,11). This problem has been largely fi-
nessed in the latest work by the CLEO group, who
measured both muon and pion pairs with invariant
mass below 1 GeV. However, this necessitated mak-
ing an exclusive search for B~ — HXK=. The dis-
advantage in this is that it is necessary to compare
with the prediction for the inclusive rate the branch-
ing ratio I'(B — HK)/T(B — HX).

The data for the branching ratio for B — HX
derived from the putative decay H — utu— are
shown in Fig. 2.1, which is taken from [12]. The
assumed branching ratio for H — utu~ is about
9%. Whereas the predicted branching ratio for B —

HX is about 9%, the data are below 1%, even near

the 9. There appears to be no Higgs boson between
1 GeV and 3.6 GeV.

Below 1 GeV, the most powerful data from CLEO
are for B — KI, H — utu-,n*r—. the
analysis assumes that the branching ratio I'(B —
HIK)/T(B — HX) is about 7% - 9%. While this
prediction is uncertain, using it, the data imply a
limit for B — HX of about 0.1%, that is, nearly
two orders of magnitude smaller than our expecta-

tion. There appears to be no Higgs boson between

200 MeV and 1 GeV. A Higgs boson lighter than
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Figure 2.1: Data of the CLEO Collaboration, [12] set-
ting limits on a Higgs boson with mass between 200 MeV
and 3.6 GeV. The curves show 90% C.L. limits. Above
1 GeV the branching ratio for H — utu— is assumed
to be around 9%. Below 1 GeV the branching ratio
I'(B — HK)/T(B — HX) is assumed to be about 9% as

- well. By coincidence, if the mass of the ¢ quark is about

60 GeV, the expected branching ratio for B — HX)
should be about 9% too. The figure shows limits of 1%
or less, thus excluding a conventional Higgs boson in this
mass range.

200 MeV might be seen in the decay X — =H,
H — e*te~. Negative results reported by NA-31 at
this meeting appear to rule out this possibility[13].

3 T — Hy

Because the Higgs boson couples most strongly to
the heaviest quarks, the decay of the T is an excel-
lent place to search. The decay rate in lowest order
is [14]

L YA A
IV —oetem) 2ra m?, )

This ratio is about 1% for the T. Using a branching
ratio for T — e*e~ of 2.5% gives an overall branch-
ing ratio of 2.5 x 10~4. Unfortunately the first order
QCD corrections reduce this by about 50% [15,16].
With corrections this large, there must be concern
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Figure 3.1: Data from the CUSB-II detector at CESR
setting limits on T — yH([17]. The solid curve show the
90% C. L. while the other curves show theoretical expec-
tations. For the most conservative of the three curves,
the Higgs boson is excluded for masses below about 5
GeV.

about those from the next order. For the present, all
one can do is use those corrections that have been
calculated.

A continuing effort by the CUSB collaboration at
CESR has accumulated 1.4 x 10% events, Ts and
T"s. With its excellent photon resolution based on
BGO, CUSB is able to set impressive limits. At 90%
C.L. a Higgs boson between 210 MeV and 5.4 GeV
is excluded. At 95% C.L. the limit is reduced to 4.8
GeV(17]. See Fig. 3.1

4 Z decays

Above 3.6 GeV (or perhaps 5 GeV if we can rely on
Higgs production limits in T decays) the search for
the Higgs boson will next be pursued at LEP. The
well-known process of interest is Z — HI+l~, first
discussed by Ioffe and KKhoze[18], with the differen-

tial decay rate[19]

1 dar' a
[(Z — pp) de ~ 4rsin’® 60w cos? Oy

m2 2\1/2
[1—z+%+§;§] (32—“;”;:)
X 3 (4.1)
m2
(=-7)
where z = 2Ep/mz. The energy of the Higgs bo-

son, Ep, is related to the invariant mass of the lep-
ton pair, (which is to say, the mass of the Z*)

2 2 2
_ mz + My — M.
Ep = Iz, (4.2)

The expected rate is shown in Fig. 4.1. Below a
mass of 10 GeV, the Higgs would decay into charm
or 7. In this range there would be 100 or more events
with e*e™ or y*u~ in the final state for every 106
Zs produced. Identification by measuring the mass
recoiling against the charged lepton pair should be
relatively easy, though there might be some concern
for very light Higgs bosons. Still, the events should
be quite distinctive and the presence of just charm
and 7 should be confirmed given the relatively large
statistics.

Above a mass of 10 GeV, the dominant decay of
the Higgs boson would be to bb. The events with
a muon pair or electron pair with fixed recoil mass
again should be quite distinctive. If the mass of the
Higgs is as large as 50 GeV, the number of events
will be quite small, fewer than 10 per 10° Zs.

5 ete” above the Z

LEP II will extend the search for the Higgs using
the process analogous to the one at the Z, with now
the real Z in the final state and the virtual Z as the
intermediate. Again the sighature would be the lep-
tonic decay of the Z with a fixed recoil mass. -The
cross section is in the range of 10~ ¢cm?. An inte-
grated luminosity of 103 ¢cm?® would thus give just
100 events, of which only about 6 or 7 would have
the Z decay into electrons or muons. A somewhat
higher luminosity would assure that the mass range
out to about 80 GeV could be searched.

PR
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Figure 4.1: Theoretical predictions for the decays
Z — Hp*p~ (dashed) and Z — H= (solid)[20]. Since
the expected branching ratio of the Z into u*u= is 3.3%,
a relative rate of 10~ gives 3.3 events per 10° Zs. If the
final state Hete™ is included, the rate is doubled to 6.6
events per 10% Zs. At LEP there should be several mil-
lion Zs produced.

6 Very High Energy Hadron Col-
liders

There are two dominant means for producing a very
heavy Higgs boson at a hadron collider. The first is
through gluon fusion(21]. It is the heaviest quarks
that contribute the most to the loop and thus the ap-
parently large mass the of the t quark is good news.
The second mechanism is W fusion(22]. This pro-
cess dominates for the heaviest Higgs masses. The
cross sections for the SSC energy are shown in Fig.
6.1[(23]). It is apparent that there are many Higgs
bosons produced since the cross section is in the few
picobarn range and each picobarn is worth 10,000
events for the standard SSC year. The problem is
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Figure 6.1: The cross section for Higgs boson produc-

tion at the SSC, as a function of the mass of the Higgs
boson(23]. The dotted curve shows the contribution from
WW and ZZ fusion. The solid curves show the contri-
butions from gluon-gluon fusion for two values of the ¢
quark mass.

in detecting the Higgs bosons.

If the mass of the Higgs boson is greater than
twice the mass of the Z, the dominant decays are
H — W*W= and H — ZZ. The latter provides
the better opportunity. If both Zs decay to electron
or muon pairs, the Z can be identified unambigu-
ously and the invariant mass of the Z pair deter-
mined. These events are judged “gold-plated.” Un-
fortunately gold-plated events do not come cheaply.
The price is a branching ratio of 1/3 for the de-
cay H — ZZ and 0.066 for each leptonic decay of
a Z (counting both e and u). Altogether this costs
about 14x 10™4. Thus each picobarn of cross section
nets only 14 gold-plated events. This alone would
make it difficult to reach beyond 700 GeV or s0,
but there is a second problem. If the mass is large,
the width of the Higgs boson grows roughly as 500
GeVx[my(TeV)]3. Thus it is not a resonance shape
that we can hope to observe beyond 700 GeV, but
only an excess of events with large invariant ZZ
mass.

The problem of statistics can be mitigated by us-
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ing the silver plated events in which one Z decays

- into charged leptons and the other into a neutrino

pair. The overall branching ratio increases to about
80 x 10~4. Certainly the problem of backgrounds is
more serious here since it is essential to know that
there is large missing transverse momentum. Calori-
metric coverage down to very small angles will be
necessary. With the increased statistics it may be
possible to go beyond the 700 GeV mass range.

Why not use the more frequent decays like H —
W+W -, with one W decaying leptonically and one
hadronically? The problem is the background. How
can we identify a hadronically decaying W? QCD
processes generate enormous numbers of jets and
not infrequently they mimic a W or a Z. Three
possible solutions have been suggested. First, the
Ws from the Higgs decay are longitudinally polar-
ized and this results in a characteristic distribution
of the energy between the two decay jets. This dis-
tribution can be used to discriminate against W
imposters[24]. Second, relying on the W fusion
mechanism, one can look for the outgoing quark jets,
a technique completely analogous to double tagging
in two-photon physics[25]. Third, one can look at
the multiplicity in the hadronic jets. If Ws always
decay with the same multiplicity distribution, when
they have very large transverse momentum they will
seem to have an anomalously low multiplicity if they
are viewed as QCD jets. Thus we can make a mul-
tiplicity cut that removes preferentially the QCD
events{26]. Whether any of these techniques is re-
ally sufficient to bring the signal out of the enormous
background remains to be seen.

A Higgs boson heavier than 80 GeV (the LEP II
limit) and lighter than 2mz referred to as having an
“intermediate mass.” This is a particularly tough
region. The best signature is the decay to one real
Z and one virtual Z. Provided that the ¢ quark is
too massive to permit H — tf, the branching ratio
into ZZ* exceeds 1% for my > 125 GeV. Of course
there is still the factor of (0.066)% to be included
for the leptonic decays for a total branching ratio of
about 4 x 10~5. For this mass the production cross
section is about 100 pb, leaving just 40 events or so.
Still, this channel should be relatively clean.

As the mass is decreased below 125 GeV this sit-

uation deteriorates rapidly. The alternative signa-
tures H — 7+7~ and H — 44 have been investi-
gated and the results are discouraging. The range
between 80 GeV and 125 GeV remains an unsolved
problem. A possible solution is an ete~ collider
with a center of mass energy of 300 GeV and gener-
ous luminosity.
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